were treated with N-ethylmaleimide to protect free sulfTo test the hypothesis that S4 interacts directly with the hydryl groups and then were extracted with detergent. pore domain in voltage-gated K ϩ channels, we paired Solubilized Shaker protein was immunoprecipitated and cysteine mutations, one each in S4 and the pore domain subjected to electrophoresis under reducing and nonreof the Shaker channel, to identify instances of spontaneducing conditions. Each of the Shaker proteins matured ous disulfide bond formation. The vast majority of douefficiently to the complex glycosylated form, a reliable ble cysteine mutants (17 out of 19 functional constructs) indication that they had folded and assembled properly provided no evidence for disulfide bond formation (see ( Figure 1D Under nonreducing conditions, the R362C ϩ A419C prointact cells, because the cysteine residues are located in the reducing environment of the cytoplasm (Figure tein migrated as a high molecular weight adduct close to the position expected for a tetramer of Shaker subunits 1D) (Schulteis et al., 1996) . Significantly, the disulfidebonded R362C ϩ A419C adduct comigrated under non-( Figure 1D ). These results indicate that C362 in S4 and C419 in the pore domain spontaneously form an interreducing conditions with the closed circular tetramer formed by oxidation of the C96/C505 disulfide bond in subunit disulfide bond.
To confirm that the disulfide-bonded adduct of the covalent tetramer. These results indicate that the R362C ϩ A419C protein contains four intersubunit disul-R362C ϩ A419C subunits corresponds to a tetramer, we compared its mobility to that of authentic covalently fide bonds that form spontaneously and efficiently in intact cells. linked dimers and tetramers of Shaker subunits ( Figure  1D ). The disulfide-bonded R362C ϩ A419C protein migrated in the vicinity of the covalent tetramer, a linear After Reduction, a High-Affinity Cd 2؉ Binding Site Is Formed by R362C and A419C molecule. We have previously shown that linear and closed circular tetramers of Shaker subunits have Formation of a disulfide bond between R362C in S4 and A419C in the pore domain suggests that these residues slightly different electrophoretic mobilities (Schulteis et al., 1996) . To form a size marker for a closed circular are in physical proximity. However, in flexible proteins, cysteine residues normally separated by as much as tetramer of Shaker subunits, cells expressing the covalent tetramer were exposed to mild oxidizing conditions. 15 Å may be able to form disulfide bonds during visits to rare conformations (Careaga and Falke, 1992 Figures 2C and 2D ). Cd 2ϩ also had no effect on the control channel Shaker-IR (data not shown).
To estimate the Cd 2ϩ affinity of the R362C ϩ A419C double mutant, the voltage dependence of activation was determined at different Cd 2ϩ concentrations ( Figure  3A Figure  4C ). The data were fitted with a rectangular hyperbola, which indicated that the half-maximal effective concentration for the decrease in current amplitude was approximately 8.0 M, which is 20-fold higher than that required to shift the g-V curve ( Figure 4C ). Since high concentrations of Zn 2ϩ (1 mM) had no significant effect on the current amplitude of Shaker-IR, R362H, or A419H channels (data not shown), it is unlikely that the Shaker protein contains a second metal ion binding site that mediates this lower affinity action. A more plausible explanation is that the decline in current amplitude in the double histidine mutant has a different stoichiometry than the shift in the voltage dependence of activation ). However, the geometry or distance between R362C and F416C also Spontaneously Form R362C and F416C may be less optimal for Cd 2ϩ binding an Intersubunit Disulfide Bond than between R362C and A419C. The second instance of spontaneous disulfide bond formation occurred in the R362C ϩ F416C double mutant.
Expression of this construct in oocytes resulted in low
Proximity of R362 to A419 and F416 Is Specific To verify that our results reflect specific structural proxchannel activity. Current amplitudes were significantly increased by treatment with DTT ( Figure 7A ). Biochemiimity between R362 in S4 and A419 and F416 in the pore domain, we paired R362C with cysteine mutations cal analysis revealed that R362C and F416C spontaneously form an intersubunit disulfide bond, similar to of other pore residues to generate the R362C ϩ A417C, R362C ϩ V453C, and R362C ϩ W454C double mutant R362C and A419C ( Figure 7B ). After reduction of the disulfide bond, the functional properties of the R362C ϩ constructs. Biochemical analysis indicated that intersubunit disulfide bonds do not form in these constructs F416C channel were compared in the presence and absence of Cd 2ϩ . In contrast to the effect seen in R362C ϩ ( Figure 8A ). After incubation in DTT, the functional properties of these double cysteine mutants were compared A419C channels, Cd 2ϩ shifted the g-V curve of R362C ϩ F416C channels in the depolarized direction ( Figure 7C 8B-8D ). As expected, Cd 2ϩ also had no effect on the functional properties of tion. In addition, Cd 2ϩ slowed the activation kinetics of R362C ϩ F416C channels ( Figure 7D) (Jiang et al., 2003a) . Furthermore, it is difficult to reconcile our results with the model for voltage-dependent activation proposed by MacKinnon and coworkers, in which S4 is located at the periphery of the channel protein, 30-40 Å away from the pore domain, and moves through the hydrophobic lipid environment during activation (Jiang et al., 2003b) .
Rather, our results indicate that R362, the first positively charged residue in the S4 segment, moves into atomic proximity of A419 during voltage-dependent activation of the Shaker channel. A419 corresponds to R52 in KcsA, a residue that maps to the perimeter of the pore domain, and is expected to be near the extracellular surface of the membrane (Doyle et al., 1998; Bernè che and Roux, 2000). Atomic proximity between R362 in S4 and A419 in the pore domain is supported by several observations. First, cysteine residues substituted at positions 362 and 419 efficiently and spontaneously formed disulfide bonds. These disulfide bonds were not due to the cytoplasmic cysteine residues C96 and C505, which do not react spontaneously (Schulteis et al., 1996) . Consistent with this conclusion, we did not detect spon- scripps.edu). Therefore, despite differences in local channels. We have investigated the physical proximity chemical details, the disulfide bonds and the metal bridges between R362 in the S4 segment and A419 in the pore represent relatively small variations in the interresidue domain of Shaker channels using three parallel apdistances, providing a consistent picture of the atomic proaches: disulfide bond formation, formation of a metal level proximity between these positions. ion binding site by pairs of cysteine residues, and formaWe found that R362C was also able to form a disulfide tion of a metal ion binding site by bis-histidine residues.
bond and a metal ion binding site with F416C. F416 Ion binding and disulfide bond formation had similar corresponds to L49 in KcsA. On the basis of the KcsA functional consequences and resulted in a consistent structure, the ␤ carbon of F416 is expected to be located estimate of physical proximity. Our results were obwithin 6 Å of the ␤ carbon of A419. Interestingly, R362C ϩ tained with properly folded and assembled Shaker pro-F416C channels had a 10-fold lower apparent affinity for tein in a functional state in a native cellular membrane. Cd 2ϩ than R362C ϩ A419C channels. Thus, the precise The physical proximity that we detected was specific. orientation of the S4 residue relative to the pore domain Only 2 out of 19 functional cysteine pairs between likely can have a significant effect on the apparent affinity of solvent-accessible residues in S4 and the pore domain the ion binding site. Furthermore, the functional effects showed any evidence of disulfide bond formation or of Cd 2ϩ binding differed from those seen in the R362C ϩ high-affinity Cd 2ϩ binding after DTT treatment. There-A419C channel. These results suggest the existence of fore, our results are not readily explained by the notion a well-defined interaction surface between the voltage sensor and the pore where small changes in structure that a flexible voltage sensor is able to make random promoted by ion binding to adjacent sites have specific dues rather than the ability of a floppy voltage sensor to make promiscuous contacts with the pore domain. and distinct functional consequences.
In contrast, no intersubunit disulfide bonds were We also generated the R362C ϩ E418C construct, but this protein was retained in the ER in an immature form, formed in R362C ϩ A417C, R362C ϩ V453C, or R362C ϩ W454C. In addition, no evidence for high-affinity Cd ) . Initially, the modeling was performed using three are quite similar to KcsA in this region, make similar predictions (Jiang et al., 2002a, 2003a) . Therefore, these constraints between S4 and the pore domain. First, based on our experimental results, we assumed that the results provide further evidence that formation of disulfide bonds between R362C and either F416C or A419C
␤ carbons of R362 in S4 and A419 in S5 are separated by less than 5 Å . Second, based on lanthanide resonance reflected specific physical proximity between these resi-energy transfer (LRET) measurements, we assumed that subunit. During the conformational search procedure, the distance from V363 in S4 to the center of symmetry the 9 residue linker between S4 and S5 (residues G381 in the pore is 22.5 Å (Cha et al., 1999) . Third, we assumed through L389) was not included explicitly, and the S4 that the distance between K380 at the cytoplasmic end helix was not connected to any particular subunit. In of S4 and the nearest K390 at the cytoplasmic end of S5 the resulting model, K380, the carboxy-terminal residue is no longer than 10 Å , which is a reasonable maximum in S4 (for modeling purposes), is 8 Å away from the length for the intervening 9 residue S4-S5 linker in nearest K390, the amino-terminal residue in S5 (for modShaker in an extended conformation. The Shaker pore eling purposes). The distance between K380 and K390 domain, corresponding to segments S5, S6, and the P from each of the other monomers is 29, 37, and 46 Å . loop, was modeled in an open conformation according Because the short S4-S5 linker in Shaker would not to the crystal structure of the calcium-activated MthK suffice to connect the carboxyl terminus of S4 to the bacterial channel (Jiang et al., 2002a) . Additional conamino terminus of S5 over such large distances, S4 can straints deduced from a wide variety of experimental be linked to S5 and S6 as a continuous polypeptide in approaches were also incorporated into the conformaonly one way. This result unambiguously predicts the tional search procedure, including second site suppresboundaries of a single subunit, as shown in Figure 9D . 
